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Abstract
Background: Trypanosoma brucei brucei, the parasite causing Nagana in domestic animals, is closely related to the
parasites causing sleeping sickness, but does not infect humans. In addition to its importance as a pathogen, the
relative ease of genetic manipulation and an innate capacity for RNAi extend its use as a model organism in cell
and infection biology. During its development in its mammalian and insect (tsetse fly) hosts, T. b. brucei passes
through several different life-cycle stages. There are currently four life-cycle stages that can be cultured: slender
forms and stumpy forms, which are equivalent to forms found in the mammal, and early and late procyclic forms,
which are equivalent to forms in the tsetse midgut. Early procyclic forms show coordinated group movement
(social motility) on semi-solid surfaces, whereas late procyclic forms do not.
Results: RNA-Seq was performed on biological replicates of each life-cycle stage. These constitute the first datasets
for culture-derived slender and stumpy bloodstream forms and early and late procyclic forms. Expression profiles
confirmed that genes known to be stage-regulated in the animal and insect hosts were also regulated in culture.
Sequence reads of 100–125 bases provided sufficient precision to uncover differential expression of closely related
genes. More than 100 transcripts showed peak expression in stumpy forms, including adenylate cyclases and
several components of inositol metabolism. Early and late procyclic forms showed differential expression of 73
transcripts, a number of which encoded proteins that were previously shown to be stage-regulated. Moreover,
two adenylate cyclases previously shown to reduce social motility are up-regulated in late procyclic forms.
Conclusions: This study validates the use of cultured bloodstream forms as alternatives to animal-derived parasites
and yields new markers for all four stages. In addition to underpinning recent findings that early and late procyclic
forms are distinct life-cycle stages, it could provide insights into the reasons for their different biological properties.
Keywords: Trypanosome, Transcriptome, RNA-Seq, Culture-derived, Stage-specific, Cation transporters, Amino acid
transporters, Tsetse, Replacement of animal models, 3R
Background
Virtually all unicellular parasites, particularly those that
depend on two hosts, progress through a series of differ-
ent life-cycle stages that can differ radically in their
morphology, metabolic capabilities and surface architec-
ture. One case in point is the African trypanosome, T.
brucei brucei, which causes the disease Nagana in cattle,
and is closely related to the parasites causing human
sleeping sickness.
T. b. brucei cycles between vertebrates and tsetse flies,
the latter being the definitive hosts where sexual
reproduction can take place. There are at least two mor-
phologically distinct life-cycle stages in the mammal: the
slender form, which has the capacity to replicate, and
the stumpy form, which is non-dividing. Until recently it
was assumed that these forms were restricted to the
bloodstream, but they are now known to occur in
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adipose tissue and skin as well [1–3]. When parasites are
taken up by a tsetse fly in the course of a blood meal,
slender forms are eliminated, but stumpy forms differen-
tiate to procyclic forms that colonise the midgut. There
are two populations of procyclic forms: early procyclic
forms are found for up to a week after transmission, and
are positive for the surface protein GPEET procyclin,
while late procyclic forms, which are responsible for per-
sistent infection of the midgut, are GPEET-negative.
These two forms cannot be distinguished by their
morphology. To complete the life cycle trypanosomes
must undergo several more rounds of differentiation,
culminating in the delivery of infectious metacyclic
forms to a new mammalian host when the tsetse takes a
blood meal.
Pleomorphic stocks of T. b. brucei, which produce
both slender and stumpy bloodstream forms, can be cul-
tured in the presence of an extracellular matrix such as
methylcellulose. In vitro, differentiation to procyclic
forms is induced by the addition of citrate and/or cis-
aconitate to the medium and a reduction in temperature
from 37 °C to 27 °C. Procyclic culture forms initially ex-
press GPEET; depending on the culture medium they
continue to grow as early procyclic forms or differentiate
into late procyclic forms [4]. Glycerol, glucose, oxygen
concentration and an uncharacterised midgut factor can
influence GPEET expression via its 3’ UTR [4, 5]. Other
factors such as serum concentration and cell density
may also influence expression, but these have not been
investigated systematically. In addition to GPEET, a re-
cent study identified several transcripts and proteins that
were differentially expressed in early and late procyclic
forms [6]. The two life-cycle stages also showed differ-
ences in behaviour when plated on semi-solid media.
Early procyclic forms exhibited social motility (SoMo), a
form of coordinated group movement, while late procyc-
lic forms replicated at the inoculation site but did not
migrate [6]. In tsetse flies the progression from early to
late procyclic forms is strictly unidirectional. In culture,
however, differentiation/dedifferentiation can occur in
both directions [5] and it is not predictable when and
why this occurs.
Several previous studies have analysed the transcrip-
tomes of different life-cycle stages of T. b. brucei [7, 8].
It is difficult to make comparisons, however, since some
employed microarrays, while others used splice leader
trapping or classical RNA-Seq. For the most part, it is
also not clear whether the procyclic forms used in these
studies were early, late or a mixture of the two. To ob-
tain a more comprehensive overview of differentially
expressed genes we performed RNA-Seq on defined cul-
tures of slender bloodstream forms, stumpy bloodstream
forms and early and late procyclic forms. In addition, we
analysed the expression of several multigene families




Pleomorphic bloodstream forms of Trypanosoma brucei
brucei EATRO 1125, clone AnTat 1.1 [9] were originally
obtained from Dr. Erik Vassella, University of Bern.
Bloodstream forms cultivated in HMI-9 supplemented
with 1.1% methylcellulose [10]. At densities < 106 ml− 1,
the majority of cells are slender forms; 24 h after reach-
ing a density of 5 × 106 ml− 1, the cells are essentially
pure stumpy forms [11]. Early procyclic forms were ob-
tained as described by Knüsel and Roditi [12]. They were
maintained in SDM79 supplemented with 10% heat-
inactivated foetal bovine serum in the presence of
20 mM glycerol. To differentiate them into late procyclic
forms glycerol was removed from the culture medium
[4]. Real-time PCR showed that the early procyclic forms
expressed 26-fold more GPEET mRNA than the corre-
sponding late procyclic forms used for RNA-Seq.
RNA isolation and RNA-Seq analysis
Total RNA was isolated as described previously [12] and
subjected to DNase treatment to remove residual gen-
omic DNA contamination. Illumina cDNA libraries were
prepared using TruSeq RNA sample preparation from a
poly(A)-selected RNA. Sequencing of cDNA libraries
was performed at Fasteris, Geneva, using Illumina Hiseq
sequencing systems with 100 or 125 bp read lengths and
sequence depths of > 40 million reads per sample. Reads
were mapped to the T. b. brucei 927 reference gen-
ome version 5 (either coding sequences or putative
3’UTRs), using the bowtie tool available in Galaxy
Interface (usegalaxy.org) with default parameters that
allow a maximum of 2 mismatches per 28 bp seed
(Galaxy version 1.1.2). Sequencing depth and mapping
coverage are provided in Additional file 1. Mapping to the
genome was used to visualise the data on Gbrowse; to es-
timate transcript abundance, reads were first mapped to
coding sequences and unmapped reads were re-mapped
to 3’ UTRs. Read counts for the annotated genes or
3’UTR were extracted using SAMTools pileup and RPM
values were calculated. Bioconductor package DESeq [13]
was used to identify the differentially expressed genes
from biological replicates.
Results
Faithful expression of stage-specific markers in culture-
derived trypanosomes
To place our analysis of the transcriptomes of early and
late procyclic forms in a wider context, we compared
them to culture-derived slender and stumpy bloodstream
forms of a tsetse-transmissible pleomorphic strain of T. b.
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brucei. RNA-Seq was performed on biological replicates.
Pearson’s correlations for replicates of slender, stumpy,
early and late procyclic forms were 0.86, 0.85, 0.95 and
0.97, respectively. When consecutive life-cycle stages were
compared, the greatest differences were observed between
stumpy and early procyclic forms, presumably reflecting
the adaptation to a different host, followed by slender/
stumpy forms (Fig. 1). We first validated our data by
examining the expression profiles of a panel of genes that
are known to be stage-regulated. As shown in Fig. 2 and
Additional file 2, bloodstream-specific genes such as
invariant surface glycoproteins ISG75, ISG65 and ISG64
[14, 15], GPI-phospholipase C (GPI-PLC) [16]; and
haptoglobin-haemoglobin receptor (HpHbR) [17] are up-
regulated in bloodstream forms compared to procyclic
forms. Furthermore, two transcripts previously shown to
accumulate in rodent-derived stumpy forms (PAD1
and PAD2) [18] showed increased expression in
culture-derived stumpy forms (Fig. 2). Differentiation
to the procyclic form is accompanied by expression of
procyclic-specific surface proteins and development of a
fully functional mitochondrion. In addition to the procy-
clins, which are the most abundant procyclic-specific
transcripts and proteins [19], our data showed strong up-
regulation of transcripts encoding the surface protein
PSSA-2 [20], two voltage-dependent anion-selective chan-
nels (VDAC1 and 2) [21, 22]) and cytochrome oxidases
[23] (Fig. 2). Finally, transcripts that are differentially
expressed by early and late procyclic forms in both culture
and tsetse [6] gave the same expression profile in our
RNA-Seq data (Fig. 3a).
The transcriptomes of culture-derived slender and stumpy
forms
Pleomorphic bloodstream forms grown in HMI-9 in the
presence of 1.1% methycellulose replicate as slender
forms, and differentiate into stumpy forms once they
reach densities > 5 × 106 ml− 1 [11]. Stumpy forms from
these cultures can differentiate synchronously to procyc-
lic forms [10], have increased levels of PAD1 mRNA, are
infectious for tsetse and can complete the life cycle [11].
As shown in Additional file 2, DESeq analysis of
biological replicates identified 497 genes as differentially
regulated ≥2-fold between slender forms and stumpy
forms with a p value < 0.05. GO term analyses indicate
significant decreases (Bonferroni adjusted p value < 10− 5)
in transcripts in the categories of macromolecule synthe-
sis, metabolism, chromatin assembly and locomotion
(Additional file 3). Among them are 230 transcripts that
were down-regulated ≥2 fold in stumpy forms compared
Fig. 1 Scatter plots comparing expression profiles (reads per million) of transcripts in successive life-cycle stages. Pearson correlation values (R)
are shown for each plot. Comparative transcriptomes of a slender vs stumpy forms, b stumpy vs early procyclic forms, c early vs late
procyclic forms
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to slender forms. As shown for rodent-derived blood-
stream forms, these reflect the fact that stumpy forms are
cell-cycle arrested [24], with clear decreases in histone
transcripts (Additional files 2 and 4). Tubulins and flagel-
lar components are also down-regulated relative to slen-
der forms. Once again this is consistent with the cells
being quiescent, as the flagellum is only duplicated at the
onset of mitosis [25]. Translation is also reduced in
stumpy forms to about one-fifth of the rate in slender
forms and there is a decrease in the number of polysomes
[26]. Interestingly, transcripts for ribosomal proteins were
not reduced significantly, but transcripts for the two ver-
sions of elongation factor 1A were down-regulated 2.5-
fold and two Alba-domain proteins, Alba1 and Alba3 were
reduced 3-fold. Alba proteins have previously been linked
to initiation of translation in trypanosomes [27]. Tran-
scripts encoding glycosomal proteins and glycolytic en-
zymes were also strongly down-regulated (Fig. 3b,
Additional file 2), suggesting a reduced reliance on glucose
as an energy source.
A large number of transcripts were more highly
expressed in stumpy forms than in slender forms
(Additional files 2, 4 and 5), probably reflecting pre-
adaptation for transmission to the fly. This is reminis-
cent of a recent study of in vitro-derived metacyclic
forms; these are cell-cycle arrested, and are poised to
translate a bloodstream form proteome on transmis-
sion to the mammalian host [28]. GO term analysis
[29] indicated a preponderance of transcripts in the
signalling and cyclic nucleotide categories were signifi-
cantly regulated (Additional file 2); all of these were ad-
enylate cyclases. However, visual inspection revealed that
12 genes encoding components of inositol metabolism
were also up-regulated (Table 1) [30–32]. These included
all four target of rapamycin (TOR) orthologues [33, 34].
Depletion of TOR4 has previously shown to lead to the
differentiation of monomorphic bloodstream forms to
stumpy-like forms [34], so it is somewhat surprising that
its expression is maximal in the latter.
In total, 267 genes were up-regulated ≥2 fold; these in-
cluded PAD family members, ZC3H11 and squalene
monooxygenase, all of which are up-regulated in animal-
derived stumpy forms [35]. Kinetoplast-specific dual phos-
phatase (Tb927.7.7160), which was identified in an RNAi
screen as driving stumpy formation, was also up-regulated
3.5-fold in stumpy forms. Other genes identified in the
Fig. 2 Expression profiles of known stage-regulated genes. Reads from biological replicates were mapped to annotated coding sequences. Error
bars indicate standard deviations. Sl: slender bloodstream forms; St: stumpy bloodstream forms; Ea: early procyclic forms; La: late procyclic forms.
RPM: reads per million
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same RNAi screen, MEK kinase (Tb927.2.2720; 2.7-fold),
Dyrk/YAK kinase (Tb927.10.15020; 1.9-fold) and two hypo-
thetical proteins (Tb927.11.6600; 2-fold, and Tb927.9.4080;
3.5-fold), were found in biological replicate 1 only [36].
When analysed for peak expression in stumpy forms, 118
transcripts showed ≥2-fold more expression than in any
other life-cycle stage (Additional file 5). These included zinc
finger domain-containing proteins (ZC3H11, ZC3H 13,
ZC3H20 and ZC3H32), several ubiquitin ligases, ubiquitin
hydrolases, cyclin-like F-box protein 2 (CFB2) and a puta-
tive cyclin. Additionally, two kinases implicated as negative
regulators of differentiation to procyclic forms, RDK1 and
RDK2 [37], were most highly expressed in stumpy forms.
Approximately one third of the transcripts encoded hypo-
thetical proteins.
Differential gene expression in early and late procyclic
culture forms
As previously documented, the transition from the mam-
mal to the tsetse fly is accompanied by major changes in
morphology, metabolism and surface architecture [19, 38].
In total, 1245 genes were found to be differentially
expressed ≥2-fold between stumpy and early procyclic
forms. Many of these encode known surface proteins and
components of the mitochondrion and glycosome. Apart
from these, the transcripts most strongly up-regulated in
procyclic forms are those for nitroreductase (Tb927.7.2980
and Tb927.7.3020; 50-fold) and two proteins with domains
of unknown function (Tb927.11.7490 and Tb927.11.7500;
35- to 39-fold). These are also strongly up-regulated in the
proteomes of differentiating and procyclic forms [39].
Fig. 3 a Expression profiles of genes known to be differentially expressed in early and late procyclic forms. GPEET (Tb927.6.510) is the major surface protein
of early procyclic forms [4]. HK1: hexokinase 1; HK2: hexokinase 2; AC320, adenylate cyclase (Tb927.5.320); AC330, adenylate cyclase (Tb927.5.330); calflagins
(Tb927.8.5440, 5460, 5465 and 5470); PTT, putative pteridine transporter. Reads for HK1 and HK2 were restricted to the 3’ UTRs. b Down-
regulation of glycosomal enzymes in stumpy forms. Tb927.1.3830, glucose-6-phosphate isomerase; Tb927.10.5620, aldolase; Tb927.3.3270,
phosphofructokinase; Tb927.6.4280, GAPDH; Tb927.8.3530, glycerol-3-phosphate dehydrogenase; Tb927.9.12550, glycerol kinase 1. Sl: slender
bloodstream forms; St: stumpy bloodstream forms; Ea: early procyclic forms; La: late procyclic forms. RPM: reads per million
Naguleswaran et al. BMC Genomics  (2018) 19:227 Page 5 of 11
Previous work from our laboratory identified several
proteins that were differentially expressed by early and
late procyclic forms [6]. As shown in Additional file 4;
DESeq analysis identified 73 transcripts that were differ-
entially regulated between these life-cycle stages. Among
them, 47 were up-regulated ≥2-fold in early procyclic
forms, with GPEET being the most pronounced, and 26
were up-regulated in late procyclic forms. Several genes
that were up-regulated in late procyclic forms appear to
be specific for this particular stage, as they were also
more highly expressed in tsetse-derived midgut forms
40 days post infection than in proventricular and salivary
gland forms [8].
Many of the proteins that were shown to be differentially
expressed by SILAC [6] reflected regulation at the level of
mRNA (Table 2), including calflagins, prostaglandin F
Table 1 Genes implicated in inositol metabolism are up-regulated in stumpy forms
Gene ID Description St/Sl St/Ea Reference
Tb927.10.3890 Phosphatidylinositol-4-phosphate 5-kinase, putative (PIP5KII-alpha) 1.9 1.36
Tb927.11.15330 Phosphatidylinositol 3-kinase catalytic subunit, putative 1.97 1.46
Tb927.10.7110 Inositol-3-phosphate synthase 1.98 1.63
Tb927.2.2260 Phosphatidylinositol kinase related protein, putative 2.53 0.78
Tb927.10.8420 Target of rapamycin kinase 1 (TOR1) 1.83 1.04
Tb927.4.420 Phosphatidylinositol 3-kinase (TOR2) 2.61 1.82 [33]
Tb927.4.800 Target of rapamycin kinase 3, putative (TOR3) 1.91 0.99 [33]
Tb927.1.1930 Phosphatidylinositol 3-kinase, putative (TOR4) 3.7 1.64
Tb927.8.2770 Inositol 1,4,5-trisphosphate receptor (IP3R) 2.63 0.66 [30]
Tb927.7.4400 Inositol hexakisphosphate kinase 3.11 1.73 [31]
Tb927.8.3410 Inositol hexakisphosphate, putative 3.83 2.39
Tb927.7.960 CMGC/SRPK protein kinase, putative (inositol pyrophosphate biosynthesis) 2.44 0.99 [32]
St/Sl fold change stumpy/slender forms, St/Ea fold change stumpy/early procyclic forms
Table 2 Differential abundance of proteins (SILAC) and transcripts (RNA-Seq) in early and late procyclic forms
Up in early procyclic forms
Gene ID Description SILAC rep1 SILAC rep2 RNA-seq Rep1 RNA-seq Rep2
Tb927.8.5460 Calflagin (flagellar calcium-binding protein 44) 8.4 3.59 5.75 5.01
Tb927.8.2210 Pteridine reductase (PTR1) 3.07 ND 1.96 2.12
Tb927.10.3660 Aspartate aminotransferase 3.26 3.18 2.35 2.95
Tb927.10.2010 Hexokinase (HK1) 3.4 2.93 4.48 3.74
Tb927.11.4700 Prostaglandin f synthase 2.37 2.4 4.94 3.81
Tb927.9.7000 Methyltransferase domain containing protein, putative 2.61 2.93 2.54 2.24
Tb927.9.6090 PTP1-interacting protein, 39 kDa 2.74 2.28 2.40 2.10
Tb927.1.2100 Calpain-like protein 1.1 (CALP1.1) 1.09 2.03 2.70 2.60
Tb927.7.7500 Thymine-7-hydroxylase, putative (TLP7) 4.08 1.97 3.52 2.44
Up in late procyclic forms
Gene ID Description SILAC rep1 SILAC rep2 RNA-seq Rep1 RNA-seq Rep2
Tb927.1.3950 ALAT 2.44 1.68 3.45 0.85
Tb927.9.8720 FBPase 2.61 3.29 2.78 2.94
Tb927.7.190 Metallo-peptidase 2.77 2.58 1.40 1.67
Tb927.11.2500 Carboxypeptidase 2.46 2.72 2.13 1.79
Tb927.11.16550 Zinc finger protein, C3H1 type-like (ZC3H46) 8.78 33.24 1.0 3.03
Tb927.9.4200 Fatty acyl CoA synthetase 2 (ACS2) 2.19 2.07 1.43 1.70
Tb927.10.14140 Pyruvate kinase 1 (PYK1) 2.38 2.00 1.41 1.40
Numbers denote fold changes. Two biological replicates were performed in each case. The data for SILAC are derived from Imhof et al. [6]. ND not detected
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synthase, PTP1-interacting protein 39 (PIP39), pteridine
reductase, adenylate cyclases and hexokinase 1 (HK1).
HK1 and HK2 are virtually identical in their coding se-
quences, but differ in their 3’ UTR sequences. In addition,
receptor-type adenylate cyclases Tb927.5.330 (AC330) and
Tb927.5.320 (AC320) have extremely similar coding se-
quences but can be distinguished by their 3’ UTRs. Map-
ping coverage to 3’ UTRs was taken into account to
identify the differential regulation of these genes between
early and late procyclic forms (Fig. 4a). As shown in Add-
itional file 6 and Fig. 4b, HK1 is up-regulated in early pro-
cyclic forms whereas HK2 is increased in late procyclic
forms.
Transcripts that are up-regulated ≥2 fold in late procyc-
lic compared to early procyclic forms include fructose-1,6-
bisphosphatase (FBPase; 2.6-fold), a cluster of putative
pteridine transporters (4-fold), citrate synthase and aconi-
tase [38]. FBPase and ACO proteins were previously
shown to be up-regulated in late procyclic forms [6].
Receptor-type adenylate cyclases are another category
showing differential regulation between early and late
procyclic forms (Additional file 3). In addition to the re-
ciprocally regulated neighbouring genes Tb927.5.320
(AC320) and Tb927.5.330 (AC330) [6], it is interesting to
note that three other adenylate cyclases, ACP1, ACP4 and
ACP6 are up-regulated in late procyclic forms. This was
Fig. 4 3′ untranslated regions allow discrimination between closely related coding sequences that are differentially expressed. a Gbrowse image
showing mapping coverage of the locus encompassing the adenylate cyclases AC320 and AC330. 3’ UTRs are underlined in blue. Early: early
procyclic forms; late: late procyclic forms. b Scatter plot of transcripts showing ≥2-fold differences between early and late procyclic forms, based on
mapping to their 3’ UTRs. A comprehensive list is provided in Additional file 5. The scale is enlarged to show weakly expressed genes, resulting in the
exclusion of GPEET. HK1: hexokinase 1; HK2: hexokinase 2; AC330, adenylate cyclase (Tb927.5.330); CF: calflagin (Tb927.8.5440); PTT, putative pteridine
transporter; REC: RNA editing complex; Hypo: Hypothetical protein (Tb927.10.10000); EP3–2: EP procyclin; AATP: amino acid transporter (Tb927.11.6680);
VP2: vacuolar proton pyrophosphatase 2 (Tb927.8.7980); FBPase: fructose-1,6-bisphosphatase (FBPase) (Tb927.9.8720); PF: prostaglandin f synthase
(Tb927.11.4700); NP: nitrogen permease regulator 2 (Tb927.7.3010). RPM: reads per million
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also reflected as the only significantly regulated group in
the GO term analysis (Additional file 2). It was shown re-
cently by Lopez and coworkers [40] that knock-down of
ACP1 /ACP2 or ACP6 results in a hyper-SoMo pheno-
type. Since SoMo is a property of early procyclic forms
[6], this suggests that depletion of these ACPs tilts the bal-
ance back towards this life-cycle stage.
Individual members of multigene families show stage-
specific expression
With longer sequences, it is possible to assign reads to indi-
vidual members of multigene families and demonstrate
stage-specificity, even when coding regions share ≥96% iden-
tity. Of a cluster of 5 cation transporter genes on chromo-
some 11 (Tb927.11.8990–9030; Fig. 5), Tb927.11.8990 shows
maximum expression in procyclic forms (both early
and late), whereas Tb.927.11.9000 and 9010 show
maximum expression in stumpy forms. The remaining
two copies are expressed at low levels in bloodstream
and procyclic forms, but are up-regulated in the saliv-
ary glands [8]. Likewise, a cluster of 9 amino acid
transporter genes on chromosome 8 (Tb927.8.7600–7700)
show differential expression. For example, Tb927.8.7610
and 7650 are most highly expressed in bloodstream forms
and Tb927.8.7600 is most highly expressed in procyclic
forms (Fig. 6). Tb927.8.7640, which is 96% identical to
Tb.927.8.7610/7620/7630, is expressed at moderate
levels in all 4 life-cycle stages that we analysed, but is
up-regulated in the salivary glands, together with
Tb927.8.7610 [8].
Fig. 5 Cluster of cation transporters showing differential expression. a Gbrowse image showing mapping coverage of the locus. b Expression
profiles of individual genes in successive life-cycle stages. Y-axis, reads per million (RPM). Sl: slender bloodstream forms; St: stumpy bloodstream
forms; Ea: early procyclic forms; La: late procyclic forms
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Discussion
We have obtained comprehensive transcriptome data
from cultures of four different life-cycle stages. It is highly
encouraging that the expression profiles of all known
stage-regulated genes identified in previous studies using
different parasite strains, different sources and different
methods are confirmed in our analysis. We conclude that
slender and stumpy forms cultured in the presence of
methylcellulose are excellent substitutes for parasites iso-
lated from animals. Furthermore, this study, which pro-
vides the first RNA-Seq analysis of the transcriptome of
stumpy forms, shows that many more genes are stage-
regulated than was previously realised, with genes in-
volved in inositol metabolism taking a prominent place. A
number of genes that show peak expression in stumpy
forms are expressed at similar levels in long slender and
procyclic forms, and would therefore have been missed in
earlier analyses. Our findings also underline that stumpy
forms are not merely non-dividing bloodstream forms
with some degree of pre-adaptation for transmission to
tsetse, but are likely to have unique functions in the mam-
malian host. A first comparison of the transcriptomes of
early and late procyclic forms shows that these are more
closely related to each other than to other life-cycle stages,
Fig. 6 Cluster of amino acid transporters showing differential expression. a Gbrowse image showing mapping coverage of the locus. b Expression
profiles of individual genes in successive life-cycle stages. Y-axis, reads per million (RPM). The coding region of Tb927.8.7610 is ≥96% identical to
Tb927.8.7630/7640, but their expression profiles are distinct. Sl: slender bloodstream forms; St: stumpy bloodstream forms; Ea: early procyclic forms; La:
late procyclic forms
Naguleswaran et al. BMC Genomics  (2018) 19:227 Page 9 of 11
but they are clearly distinct. Most of the differential regu-
lation of proteins described in a previous study of early
and late procyclic forms [6] can be attributed to differ-
ences in steady stage mRNA, suggesting that translational
control plays a relatively minor role at this point. When
the analysis was extended to ~ 1200 proteins identified in
the 2 SILAC datasets, the overall correlation coefficients
(fold changes RNA:fold changes protein) were 0.46 and
0.59, respectively [6]. Comparing our RNA-seq data to the
proteomics data sets from Dejung et al., [39] the correl-
ation for RNA:protein in slender bloodstream forms was
in the same range, at 0.48, while the correlation for
stumpy forms was only 0.28. This is likely to reflect RNAs
that are present, but not translated until the parasites
begin to differentiate to procyclic forms. We could not
perform a comparison between RNA and proteome for
procyclic forms as the data from Dejung et al. [39] does
not specify if their cultures are early or late procyclic
forms (based on various markers we suspect that they are
a mixture of the two). However, of 99 proteins down-
regulated 24-48 h after triggering differentiation from
stumpy to procyclic forms, 87 mRNAs were down-
regulated in early procyclic forms.
In addition to providing new markers for all four life-
cycle stages, these data also offer clues about metabol-
ism. For example, genes encoding glycerol-uptake pro-
teins are upregulated in stumpy forms, while glycerol
kinases are upregulated in early procyclic forms. Unex-
pectedly, the THT2 hexose transporters are transiently
upregulated in early procyclic forms. This may reflect a
need for active acquisition of glucose in a sugar-poor en-
vironment, the insect midgut, and provide a window for
maturation of the mitochondrion. Differentially regu-
lated ion transporters and amino acid transporters pre-
sumably allow the parasites to sense and respond to
their environment. Finally, the discovery of a relatively
small number of differentially regulated genes between
early and late procyclic forms may enable us to elucidate
the signals and mechanisms involved in SoMo.
Conclusions
This study provides the first transcriptomic data from
cultures of four consecutive life-cycle stages of Trypa-
nosoma brucei. As well as validating the use of
cultured slender and stumpy bloodstream forms as
alternatives to animal-derived parasites, in compliance
with 3R principles, it provides the first comparison of
the transcriptomes of early and procyclic forms and
identifies new stage-regulated transcripts. Long reads
enabled us to distinguish between closely related
members of multigene families, and show that these
are differentially expressed during the life cycle. Fi-
nally, this study delivers insights into the metabolic
activities of the different life-cycle stages.
Additional files
Additional file 1: Summary of mapping information. (DOCX 45 kb)
Additional file 2: Mean expression values (reads per million) for all
transcripts. Sl: slender bloodstream forms; St: stumpy bloodstream forms;
Ea: early procyclic forms; La: late procyclic forms. (XLSX 762 kb)
Additional file 3: GO term analysis of differentially expressed transcripts.
(XLSX 83 kb)
Additional file 4: Differentially expressed genes (≥ 2-fold) in successive
life-cycle stages. Sl: slender bloodstream forms; St: stumpy bloodstream
forms; Ea: early procyclic forms; La: late procyclic forms. (XLSX 5584 kb)
Additional file 5: Stage-specific transcripts enriched ≥2-fold compared
to all other stages. Sl: slender bloodstream forms; St: stumpy bloodstream
forms; Ea: early procyclic forms; La: late procyclic forms. FC: fold change.
(XLSX 59 kb)
Additional file 6: Differential expression ≥2-fold in early and late
procyclic forms based on 3′ untranslated regions. Ea: early procyclic
forms; La: late procyclic forms. (XLSX 44 kb)
Abbreviations
Ea: Early procyclic forms; La: Late procyclic forms; RPM: Reads per million;
Sl: Slender bloodstream forms; SoMo: Social motility; St: Stumpy bloodstream
forms; UTR: Untranslated region
Acknowledgements
Gaby Schumann is thanked for reading the manuscript.
Funding
This study was funded by the Swiss National Science Foundation (Grant no.
31003A_166427), Howard Hughes Medical Institute (Grant no. 55007650) and
the Canton of Bern.
Availability of data and materials
Raw read files are deposited at the European Nucleotide Archives (ENA)
http://www.ebi.ac.uk/ena under study PRJEB19907 with following accession
numbers: slender replicate 1 (ERS1600157), slender replicate 2 (ERS1600158),
stumpy replicate 1 (ERS1600159), stumpy replicate 2 (ERS1600160), early
replicate 1 (ERS1600161), early replicate 2 (ERS1600162), late replicate 1
(ERS1600163), late replicate (ERS1600164).
Authors’ contributions
AN and IR planned the experiments; AN performed the experiments; AN, ND
and IR analysed the data; IR and AN wrote the paper. All authors read and
approved the final manuscript.





The authors declare that they have no competing interests.
Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Received: 22 September 2017 Accepted: 13 March 2018
References
1. Trindade S, Rijo-Ferreira F, Carvalho T, Pinto-Neves D, Guegan F, Aresta-Branco
F, Bento F, Young SA, Pinto A, Van Den Abbeele J, et al. Trypanosoma brucei
parasites occupy and functionally adapt to the adipose tissue in mice. Cell
Host Microbe. 2016;19(6):837–48.
2. Capewell P, Cren-Travaille C, Marchesi F, Johnston P, Clucas C, Benson RA,
Gorman TA, Calvo-Alvarez E, Crouzols A, Jouvion G, et al. The skin is a
Naguleswaran et al. BMC Genomics  (2018) 19:227 Page 10 of 11
significant but overlooked anatomical reservoir for vector-borne African
trypanosomes. Elife. 2016;5:e17716.
3. Caljon G, Van Reet N, De Trez C, Vermeersch M, Perez-Morga D, Van Den
Abbeele J. The dermis as a delivery site of Trypanosoma brucei for tsetse
flies. PLoS Pathog. 2016;12(7):e1005744.
4. Vassella E, Den Abbeele JV, Bütikofer P, Renggli CK, Furger A, Brun R, Roditi
I. A major surface glycoprotein of Trypanosoma brucei is expressed
transiently during development and can be regulated post-transcriptionally
by glycerol or hypoxia. Genes Dev. 2000;14(5):615–26.
5. Vassella E, Probst M, Schneider A, Studer E, Renggli CK, Roditi I. Expression
of a major surface protein of Trypanosoma brucei insect forms is controlled
by the activity of mitochondrial enzymes. Mol Biol Cell. 2004;15(9):3986–93.
6. Imhof S, Knüsel S, Gunasekera K, Vu XL, Roditi I. Social motility of African
trypanosomes is a property of a distinct life-cycle stage that occurs early in
tsetse fly transmission. PLoS Pathog. 2014;10(10):e1004493.
7. Telleria EL, Benoit JB, Zhao X, Savage AF, Regmi S, Alves e Silva TL, O'Neill M,
Aksoy S. Insights into the trypanosome-host interactions revealed through
transcriptomic analysis of parasitized tsetse fly salivary glands. PLoS Negl Trop
Dis. 2014;8(4):e26E49.
8. Savage AF, Kolev NG, Franklin JB, Vigneron A, Aksoy S, Tschudi C.
Transcriptome profiling of Trypanosoma brucei development in the
tsetse fly vector Glossina morsitans. PLoS One. 2016;11(12):e0168877.
9. Le Ray D, Barry JD, Easton C, Vickerman K: 1st tsetse-fly transmission of
Antat Serodeme of Trypanosoma brucei. Ann Soc Belg Med Tr 1977,
57(4–5):369–381.
10. Vassella E, Kramer R, Turner CM, Wankell M, Modes C, van den Bogaard M,
Boshart M. Deletion of a novel protein kinase with PX and FYVE-related
domains increases the rate of differentiation of Trypanosoma brucei. Mol
Microbiol. 2001;41(1):33–46.
11. Naguleswaran A, Roditi I. Rodent-free cyclical transmission of Trypanosoma
brucei brucei. Mol Biochem Parasitol. 2017;217:16–8.
12. Knüsel S, Roditi I. Insights into the regulation of GPEET procyclin during
differentiation from early to late procyclic forms of Trypanosoma brucei. Mol
Biochem Parasitol. 2013;191(2):66–74.
13. Anders S, Huber W. Differential expression analysis for sequence count data.
Genome Biol. 2010;11(10):R106.
14. Ziegelbauer K, Overath P. Identification of invariant surface glycoproteins in
the bloodstream stage of Trypanosoma brucei. J Biol Chem. 1992;267(15):
10791–6.
15. Jackson DG, Windle HJ, Voorheis HP. The identification, purification, and
characterization of two invariant surface glycoproteins located beneath the
surface coat barrier of bloodstream forms of Trypanosoma brucei. J Biol
Chem. 1993;268(11):8085–95.
16. Grab DJ, Webster P, Ito S, Fish WR, Verjee Y, Lonsdale-Eccles JD. Subcellular
localization of a variable surface glycoprotein phosphatidylinositol-specific
phospholipase-C in African trypanosomes. J Cell Biol. 1987;105(2):737–46.
17. Vanhollebeke B, De Muylder G, Nielsen MJ, Pays A, Tebabi P, Dieu M, Raes M,
Moestrup SK, Pays E. A haptoglobin-hemoglobin receptor conveys innate
immunity to Trypanosoma brucei in humans. Science. 2008;320(5876):677–81.
18. Dean S, Marchetti R, Kirk K, Matthews KR. A surface transporter family conveys
the trypanosome differentiation signal. Nature. 2009;459(7244):213–7.
19. Roditi I, Furger A, Ruepp S, Schurch N, Bütikofer P. Unravelling the procyclin
coat of Trypanosoma brucei. Mol Biochem Parasitol. 1998;91(1):117–30.
20. Fragoso CM, Schumann Burkard G, Oberle M, Renggli CK, Hilzinger K,
Roditi I. PSSA-2, a membrane-spanning phosphoprotein of Trypanosoma
brucei, is required for efficient maturation of infection. PLoS One. 2009;
4(9):e7074.
21. Pusnik M, Charriere F, Maser P, Waller RF, Dagley MJ, Lithgow T, Schneider
A. The single mitochondrial porin of Trypanosoma brucei is the main
metabolite transporter in the outer mitochondrial membrane. Mol Biol Evol.
2009;26(3):671–80.
22. Singha UK, Sharma S, Chaudhuri M. Downregulation of mitochondrial porin
inhibits cell growth and alters respiratory phenotype in Trypanosoma brucei.
Eukaryot Cell. 2009;8(9):1418–28.
23. Mayho M, Fenn K, Craddy P, Crosthwaite S, Matthews K. Post-transcriptional
control of nuclear-encoded cytochrome oxidase subunits in Trypanosoma
brucei: evidence for genome-wide conservation of life-cycle stage-specific
regulatory elements. Nucleic Acids Res. 2006;34(18):5312–24.
24. Shapiro SZ, Naessens J, Liesegang B, Moloo SK, Magondu J. Analysis by flow
cytometry of DNA synthesis during the life cycle of African trypanosomes.
Acta Trop. 1984;41(4):313–23.
25. Hughes L, Borrett S, Towers K, Starborg T, Vaughan S. Patterns of organelle
ontogeny through a cell cycle revealed by whole-cell reconstructions using
3D electron microscopy. J Cell Sci. 2017;130(3):637–47.
26. Brecht M, Parsons M. Changes in polysome profiles accompany trypanosome
development. Mol Biochem Parasitol. 1998;97(1–2):189–98.
27. Mani J, Guttinger A, Schimanski B, Heller M, Acosta-Serrano A, Pescher P, Spath
G, Roditi I. Alba-domain proteins of Trypanosoma brucei are cytoplasmic RNA-
binding proteins that interact with the translation machinery. PLoS One. 2011;
6(7):e22463.
28. Christiano R, Kolev NG, Shi H, Ullu E, Walther TC, Tschudi C. The proteome
and transcriptome of the infectious metacyclic form of Trypanosoma brucei
define quiescent cells primed for mammalian invasion. Mol Microbiol. 2017;
106(1):74–92.
29. Gene Ontology C. The gene ontology project in 2008. Nucleic Acids Res.
2008;36(Database issue):D440–4.
30. Huang G, Bartlett PJ, Thomas AP, Moreno SN, Docampo R. Acidocalcisomes
of Trypanosoma brucei have an inositol 1,4,5-trisphosphate receptor that is
required for growth and infectivity. Proc Natl Acad Sci U S A. 2013;110(5):
1887–92.
31. Cordeiro CD, Saiardi A, Docampo R. The inositol pyrophosphate synthesis
pathway in Trypanosoma brucei is linked to polyphosphate synthesis in
acidocalcisomes. Mol Microbiol. 2017;106(2):319-333.
32. Fernandez-Cortes F, Serafim TD, Wilkes JM, Jones NG, Ritchie R, McCulloch
R, Mottram JC. RNAi screening identifies Trypanosoma brucei stress response
protein kinases required for survival in the mouse. Sci Rep. 2017;7(1):6156.
33. Barquilla A, Saldivia M, Diaz R, Bart JM, Vidal I, Calvo E, Hall MN, Navarro M.
Third target of rapamycin complex negatively regulates development of
quiescence in Trypanosoma brucei. Proc Natl Acad Sci U S A. 2012;109(36):
14399–404.
34. Barquilla A, Crespo JL, Navarro M. Rapamycin inhibits trypanosome cell
growth by preventing TOR complex 2 formation. Proc Natl Acad Sci U S A.
2008;105(38):14579–84.
35. Jensen BC, Sivam D, Kifer CT, Myler PJ, Parsons M. Widespread variation in
transcript abundance within and across developmental stages of Trypanosoma
brucei. BMC Genomics. 2009;10:482.
36. Mony BM, MacGregor P, Ivens A, Rojas F, Cowton A, Young J, Horn D,
Matthews K. Genome-wide dissection of the quorum sensing signalling
pathway in Trypanosoma brucei. Nature. 2014;505(7485):681–5.
37. Jones NG, Thomas EB, Brown E, Dickens NJ, Hammarton TC, Mottram JC.
Regulators of Trypanosoma brucei cell cycle progression and differentiation
identified using a kinome-wide RNAi screen. PLoS Pathog. 2014;10(1):e1003886.
38. Sharma R, Gluenz E, Peacock L, Gibson W, Gull K, Carrington M. The heart of
darkness: growth and form of Trypanosoma brucei in the tsetse fly. Trends
Parasitol. 2009;25(11):517–24.
39. Dejung M, Subota I, Bucerius F, Dindar G, Freiwald A, Engstler M, Boshart M,
Butter F, Janzen CJ. Quantitative proteomics uncovers novel factors involved
in developmental differentiation of Trypanosoma brucei. PLoS Pathog. 2016;
12(2):e1005439.
40. Lopez MA, Saada EA, Hill KL. Insect stage-specific adenylate cyclases regulate
social motility in African trypanosomes. Eukaryot Cell. 2015;14(1):104–12.
•  We accept pre-submission inquiries 
•  Our selector tool helps you to find the most relevant journal
•  We provide round the clock customer support 
•  Convenient online submission
•  Thorough peer review
•  Inclusion in PubMed and all major indexing services 
•  Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit
Submit your next manuscript to BioMed Central 
and we will help you at every step:
Naguleswaran et al. BMC Genomics  (2018) 19:227 Page 11 of 11
